We investigated the effects of the cadmium sulfide (CdS) layer on defect passivation in hydrazinebased CuIn(S,Se) 2 (CISSe) samples through photoluminescence measurements. Significant changes in the emission profile of the CISSe film are observed after a CdS layer is deposited on CISSe. It is likely that Cd diffusion into the CISSe film becomes more severe as a result of the fine grain size of our solution-processed films. Enhanced emission yields and longer carrier lifetimes are, thus, observed in Cd-treated (CdS-coated or Cd-soaked) CISSe films, indicating the action of Cd ions on Cu vacancies sites and a decrease in non-radiative recombination. The chalcogenide-based material Cu(In,Ga)(Se,S) 2 (CIGS) is an attractive candidate for use as an absorber layer in thin-film photovoltaics, and has received significant research interest based on its high laboratory record efficiency.
The chalcogenide-based material Cu(In,Ga)(Se,S) 2 (CIGS) is an attractive candidate for use as an absorber layer in thin-film photovoltaics, and has received significant research interest based on its high laboratory record efficiency. 1, 2 To enable the large-scale manufacturing of CIGS technology, a wide variety of solution and slurry-based deposition methods have been developed in an effort to significantly reduce the fabrication cost relative to vacuum-based approaches. 3, 4 Recently, a hydrazine-based solution process has been demonstrated for the deposition of several chalcopyrite materials, 5, 6 and to date its applications in solar cell fabrication have shown promising power conversion efficiency. [7] [8] [9] [10] Nevertheless, there is still great uncertainty about fundamental material properties essential to the device performance such as the carrier recombination in CIGS/cadium sulfide (CdS) junction and the recombination lifetime in absorber materials processed in this manner. In this technology, the preferred n-type layer is CdS, and it is generally produced by a chemical reaction in an aqueous bath, called the chemical bath deposition (CBD) process. 11 It has been suggested that the copper vacancies (V Cu ) at the surface of the absorber can be substituted by the Cd atoms during CBD process. 12 In this report, we study the effects of the CdS layer on defect passivation in the hydrazine-processed CuIn(S,Se) 2 (CISSe) material and its optoelectronic properties through photoluminescence.
The CISSe films were deposited on molybdenum-coated soda-lime glass substrates through the repeated spin-coating of a hydrazine precursor solution. The detailed solutions and the films preparation can be found elsewhere. 5, 8, 13 The films were annealed on a hot plate at a maximum temperature of 390 C for 30 min, and the final film thickness was around 1 to 1.2 lm. All of the processes described above were completed in a nitrogen-filled drybox. The composition of CISSe films is copper-poor, Cu/In $ 0.8, and selenium-rich, Se/ (Se þ S) $ 0.98, as indicated from X-ray fluorescence measurements. The CdS layer was deposited via a standard CBD 13 procedure to yield a 30 nm CdS film, followed by a heat treatment in the air at temperature of 120 C for 30 min. The Cd-soaked CISSe films are made by soaking the finished CISSe films in a cadmium acetate (Cd(OAc) 2 ) aqueous solution at 65 C for 30 min. Neither thiourea nor ammonium hydroxide is added in the cadmium soaking solution. The concentration of the Cd(OAc) 2 solution used for soaking was about 2.7 mM, which is the same as used in CdS deposition. Note that bare CISSe samples were exposed to the air just prior to measurement, to avoid possible lifetime degradation associated with excessive ambient exposure.
14 Energy-resolved photoluminescence spectra were measured using a steady-state diode laser (532 nm) and a NIR-sensitive photomultiplier tube (Hamamatzu R5509-72) operated at À80 C. Time-resolved photoluminescence was acquired using the time-correlated single-photon counting technique (Picoharp 300), and the excitation was provided by a picosecond diode laser at the wavelength of 640 nm with a repetition frequency in the range of 5-80 MHz (PDL 800B). The laser excitation was kept low (5.54 Â 10 10 photons/cm 2 ) to avoid the distortion of the lifetime measurement. 15 Combining with an iterative deconvolution data analysis, the resulting temporal resolution of the system is approximately 120 ps. Temperature dependent measurements were carried out using a Linkam temperaturecontrolled stage equipped with liquid nitrogen cooling. The temperature was monitored by a calibrated platinum sensor embedded close to the surface of the stage. Figure 1 shows the PL spectra obtained at room temperature for the CISSe samples with different post-treatments after spin-coating. Since the excitation wavelength is well above the bandgap of the CISSe, it is expected that the incident light is strongly absorbed in the first 400 nm of the CISSe layer. is detected from the as-deposited CISSe, while the film after the final annealing shows a principal peak at 1 eV, corresponding to the formation of the CISSe phase in the films annealed at 390 C. Note that the peak energy of this PL spectrum is below the reported bandgap of CISSe. 7, 8 A major change in the emission profile is observed after a CdS layer is deposited on the CISSe film. The emission at 1.06 eV is enhanced and it is stronger than the dominant peak at 1 eV in the bare CISSe film. These changes in the dominant PL peaks observed at room temperature from our solutionprocessed CISSe films before and after CdS deposition are unique compared to the PL spectra obtained from three-stage coevaporated CIGS films. 16, 17 The differing effects of CdS deposition in our films can be at least partially explained by the average grain size of our CISSe films falling in the sub-100 nm range, 8 which is relatively small compared with CISSe films prepared by vacuum processes at higher temperatures. 2 The small grain size in our films likely provides a greater opportunity for the diffusion of Cd-ions into the CISSe films during the CBD-CdS process, allowing the effect of Cd ions to extend a longer distance into the CISSe films. 13 The inherently Cu deficient nature of the surface of CISSe may also assist in substituting Cd ions into Cu vacancy sites. 12 This leads us to speculate that the action of Cd ions on Cu vacancies sites reduces the overall defect concentration, and lowers the non-radiative recombination in CISSe, yielding enhanced emission in CdS-coated CISSe. As a result, the peak of the PL spectrum of annealed CISSe (at 1 eV) can be considered to be a free-to-bound transition which is mediated by an acceptor level around 60 meV above the valence band maximum, while the peak of the PL spectrum of CdS-coated CISSe (at 1.06 eV) is likely the band-toband transition corresponded to the full band gap of the CISSe material.
To exclude the effects that come from the junction formation after CBD-CdS process, 15 Cd-soaked CISSe film is prepared, and it displays the similar emission profile to that of CdS-coated CISSe (the inset of Figure 1 ). In addition, the minority carrier lifetime, extracted from TRPL data in Figure 2 , of the Cd-soaked film (0.43 ns) is longer that of bare CISSe film ( 0.12 ns, limited by the system response; the spike after the main peak is an artifact from the detector, possibly due to the back scattering electrons from a dynode). Such Cd-soaking treatment on solution-processed CISSe has been proved to improve the device performance. 13 We have also checked the PL spectra of CISSe samples soaked only in the aqueous thiourea solution (with the same sulfur concentration as that is used in CBD), minimal change is observed in the steady state PL spectrum and PL decay signal. The estimated concentration of sulfur in the CBD is about 5 Â 10
À3
M and the whole CBD takes place at 65 C. This relatively low sulfur concentration and the low reaction temperature should lead to very limited change on the composition of the absorber, which is in consistent with our observation. Thus, it is likely that the defects responsible for the free-to-bound transition in bare CISSe films are partially passivated by Cd ions during the Cd-soaking or the CBDCdS process. Since the energy level of Cu vacancies is typically reported to be roughly 30 meV from the maximum of the valence band, 18 the defects related to the enhanced PL here may be a defect complex which is comprised of Cu vacancy. 16 The intensity of the PL peaks increases by a factor of 1.5 after CdS-covered CISSe is annealed in air at 120 C for 30 min. This could be interpreted as an improvement in the passivation of the CISSe/CdS interface; such postannealing of CBD-CdS process typically gives better opencircuit voltage and fill factors in completed cells.
19 Figure 3 shows the temperature dependence of the PL spectra of bare CISSe and of a CdS-coated CISSe film. As the CISSe film is cooled down from room temperature to 100 K, the PL intensity increases, the full width at half maximum of PL spectrum narrows, and the position of the peak maximum shifts toward lower energy values. The peaks of the PL spectrum of the CdS-coated CISSe film (Figure 3(b) ) also shift to lower energy values. As is visible in the figure, both the bare and CdS-coated CISSe films exhibit only a single PL peak when the temperature is below 220 K. This implies that the free-to-bound transition dominates at low temperature, while band-to-band transition becomes present at higher temperature (T > 220 K). This temperature show the normalized PL spectra of the CISSe film and of the CdS-coated CISSe film measured between 100 K and 150 K, respectively. A transition at 0.87 eV is weak but visible in the PL spectrum of the bare CISSe film. In contrast, no such transition is found in the PL spectrum of the CdS-coated CISSe film. The 0.87 eV peak is possibly related to a defect with the ionization energy around 0.19 eV in the CISSe film, provided that it is a free-to-bound transition. Also, this peak could be originated from a donorto-acceptor transition, since the passivation of Cu-vacancy by Cd ions forms Cd Cu donor in the surface region of CISSe. 19 Furthermore, Shirakata and Nakada 17 reported that the termination of dangling bonds on the CdS-coated CISSe surface can produce a similar PL profile due to the significant decrease of the surface recombination. The origin of which is not possible to determine at this stage, and thus a more detailed understanding of this behavior is currently under investigation.
The integrated PL intensity (I PL ) of the CISSe film exhibits the temperature dependence as shown in Figure 5 , where I PL is plotted as a function of inverse temperature. A typical thermally activated PL transition can ideally be represented by the following expression:
where I PL,0 is the integrated PL intensity at 0 K, C PL is a constant fitting parameter, and E a is the thermal activation energy of the defect taking part in the transition. Using the model implied by the work of Keyes et al., 22 the acceptor energy level and the density of the associated acceptor state can be estimated according to the relations:
where E v is the valence band energy, E acceptor is the energy level of the acceptor state, N v is the effective valence band density of states, and N a is the total number of available holes. Fitting the temperature dependence of the integrated PL intensity results in the extraction of an acceptor energy level 57 meV above the valence band maximum, and a N a value of roughly 10 15 cm À3 (10 19 cm À3 is used for the valence band density of states 23 ), which is in general agreement with the measured dopant concentration in various Cu(In,-Ga)(Se,S) 2 films. 13, 22 The acceptor level extracted from the temperature dependence analysis is consistent with the observed PL profile changes at room temperature.
In sum, the role of CBD-CdS in hydrazine-processed CISSe photovoltaics was studied carefully using PL. After a CdS layer was deposited on the CISSe film, significant changes in the emission profile of the CISSe film were observed. When the CISSe film is soaked in the cadmium aqueous solution, the similar change of the PL profile is also found. The PL lifetime of the CISSe sample becomes longer after the Cd-treatment. This behavior is likely related to Cd diffusion into the CISSe film, which is made more severe as a result of the fine grain size of our solution-processed films. This leads to the increased action of Cd ions on Cu vacancies sites, a general reduction in the concentration of acceptor defects, and a decrease in non-radiative recombination, leading to enhanced emission yields and longer carrier lifetimes. Steady state photoluminescence spectra measured at lower temperatures show that a defect-related transition at 0.87 eV is mostly passivated as the CISSe film is covered by the CdS layer, though the exact structural origin of the defect is not possible to determine at the moment. Finally, the energy level and density of the acceptor state in the CISSe material are estimated to be 57 meV and 10 15 cm
, respectively, from the fitting of the temperature dependence of integrated PL intensity. The information provided in this study should be valuable for the future development of the solution-based CuIn(S,Se) 2 photovoltaics.
